Escherichia coli serogroup O26 has members classified as enterohemorrhagic E. coli (EHEC) or atypical enteropathogenic E. coli (aEPEC). EHEC O26 strains constitute the most common non-O157 EHEC group associated with diarrhea and hemolytic uremic syndrome (HUS) in Europe (16, 18, 19, 25, 48, 51) . EHEC O26 is also the most common non-O157 EHEC serogroup in the United States, where, between 1983 and 2002, it accounted for 22% of non-O157 EHEC clinical isolates (10) . In a recent prospective study from Montana, half of EHEC O26 isolates originated from patients with bloody diarrhea (23) . Moreover, EHEC O26 has spread globally (24) .
EHEC O26 strains produce Shiga toxin 1 (Stx1) and Stx2, either singly or together (10, 54) . Indeed, phage H19B from a clinical EHEC O26 isolate that carries stx 1 was one of the first Stx-converting phages described (45) . Moreover, these strains contain the intimin-encoding eae gene (6, 54) , an important characteristic of EHEC (33) . EHEC O26 represents a highly dynamic group of organisms that rapidly engender new pathogenic clones (54) . This is exemplified by emergence of a novel EHEC O26:H11 clonal subgroup in Germany in the 1990s that possessed stx 2 as the sole stx gene, in contrast to stx 1 , exclusively identified in EHEC O26 previously. The pathogenicity of this clone was demonstrated by its strong association with HUS (29, 54) and its ability to spread rapidly (2, 54) . aEPEC O26 strains do not harbor stx genes (9, 20, 42) but share with EHEC the eae gene (20, 34) and the ability to produce attaching and effacing lesions in intestinal epithelial cells via actin rearrangement (9, 20, 42) . Unlike typical EPEC strains (49) , aEPEC O26 strains lack the EPEC adherence factor plasmid (6) encoding bundle-forming pili that mediate localized adherence on cultured epithelial cells. The absence of the EPEC adherence factor plasmid is a common feature of aEPEC strains, which cause gastroenteritis in children (12, 20, 49) .
It has been hypothesized (15) that aEPEC O26 is ancestral to EHEC O26. According to this hypothesis, the acquisition of stx 1 by aEPEC O26 gave rise to globally distributed toxigenic EHEC O26 (15) . Furthermore, replacement of stx 1 with stx 2 has been postulated as the cause of the recent emergence of the new stx 2 -harboring EHEC O26 clonal subgroup in Europe (15, 54) . A prerequisite for such an evolutionary process is that aEPEC O26 strains undergo lysogeny by Stx-encoding bacteriophages. However, this has not yet been systematically investigated. Moreover, it is not clear if the sequence of events proposed for the evolution of EHEC O26 is unidirectional, where aEPEC O26 strains are always progenitors of EHEC O26 strains, or bidirectional, with EHEC O26 also being converted to aEPEC by loss of an stx gene. Therefore, we investigated the role of Stx-encoding bacteriophages in the postulated transition between EHEC and aEPEC O26 to determine if (i) Stx-encoding phages originating from EHEC O26 lysogenize aEPEC O26 under laboratory conditions, (ii) stx genes were propagated from single PCR-positive plaques (40) . The resulting lysates contained the phages at titers between 2 ϫ 10 7 and 3.1 ϫ 10 8 PFU/ml, as determined by plaque assay (41) . In transduction experiments, 10 4 PFU of each phage was mixed with 100 l of log-phase culture (10 7 CFU) of each aEPEC O26 recipient or E. coli C600 and 125 l of 0.1 M CaCl 2 solution and incubated for 2 h at 37°C without shaking. The mixtures were then transferred into 4 ml of Luria-Bertani (LB) broth and incubated at 37°C and 180 rpm for 24 h. The cultures (100 l) were then streaked on LB agar, and overnight bacterial growths that had been harvested into 1 ml of saline were PCR screened for stx 1 or stx 2 . Tenfold dilutions of PCR-positive cultures were tested for lysogens using an Stx immunoblot assay (Shiga toxin [verocytotoxin] immunoblot; Sifin, Berlin, Germany). To identify stable lysogens, Stx-producing colonies were subcultured three times on LB agar, and the presence of stx genes was confirmed by PCR after the third passage.
Loss of stx in vitro. A single colony of an stx 2 -positive EHEC O26 strain was suspended in 50 l of sterile saline, and 2.5 l was used to confirm the presence of stx 2 by PCR. Another 5 l was inoculated into 5 ml of Trypticase soy broth and incubated overnight at 37°C. Tenfold dilutions of the liquid culture were then inoculated onto sorbitol MacConkey agar, and after overnight incubation, 30 to 60 colonies from plates with 150 to 200 well-separated colonies were PCR screened for stx 2 . The frequency of stx 2 loss was expressed as the percent stx 2 -negative colonies among the total number of colonies tested.
Stx production. Stx1 and Stx2 production was determined using a commercial latex agglutination assay (verotoxin-producing E. coli reverse passive latex agglutination; Denka Seiken Co., Tokyo, Japan). Stx cytotoxicity titers were assessed by the Vero cell assay (26) .
RESULTS
EHEC and aEPEC O26:H11 strains in consecutive stools collected from patients. During an outbreak of HUS in Germany in 1999, stools from three infected children contained EHEC O26:H11 (stx 2 positive, eae positive, bfpA negative) in their initial samples and aEPEC O26:H11 (stx negative, eae positive, bfpA negative) in follow-up samples. All six isolates belonged to ST 29 and had similar but not identical PFGE patterns (Fig. 1 , lanes 1 to 6). Specifically, EHEC and aEPEC isolates from consecutive stools of individual patients differed by two to five bands; one of these variant bands was always a 550-kb XbaI fragment that contains stx 2 in all EHEC isolates ( Fig. 1 , lanes 1, 3, and 5) but which is absent from all aEPEC isolates ( Fig. 1 , lanes 2, 4, and 6). The similarities in the PFGE patterns of the consecutive EHEC and aEPEC isolates from each patient, and the fact that one of the differences was the presence or absence of the genomic fragment containing stx 2 , suggested that aEPEC strains were derived from the EHEC strains by the loss of stx 2 in these patients.
Loss of stx 2 in vitro. To test this hypothesis, two EHEC O26 outbreak isolates (strain 50 from patient A and strain 140 from patient B) were tested for the stability of stx 2 in vitro. Both lost stx 2 in each of three independent experiments, with the frequency of the loss ranging from 10 to 14% of colonies tested on first subculture. The ease with which these EHEC strains lost stx 2 in vitro makes it plausible that stx 2 loss might have also occurred during infection in the human host, giving rise to the aEPEC O26 strains isolated from the follow-up stools.
Transduction of aEPEC O26 with Stx1-and Stx2-encoding phages from EHEC O26. To determine if conversion between EHEC and aEPEC O26 is bidirectional, we investigated the ability of Stx-encoding phages from EHEC O26 to lysogenize aEPEC O26. High-titer phage lysates from three EHEC O26: H11 strains harboring stx 2 only, three EHEC O26:H11 strains harboring stx 1 only, and stx 1 -harboring E. coli strain C600(H19B) were used to infect six aEPEC O26:H11 strains and E. coli C600. Stable lysogens were identified based on their ability to retain stx genes after three passages on LB agar (Table 1) . Three of the four Stx1-encoding phages lysogenized E. coli C600, but only phage H19B formed lysogens with one of the aEPEC O26 strains. In contrast, each of the three Stx2-encoding phages from EHEC O26 lysogenized, in addition to E. coli C600, at least two of the six aEPEC O26 recipients. Each of the aEPEC O26 recipients could be lysogenized with at least one of the Stx2-encoding phages (Table 1) . These phages lysogenized aEPEC recipients with PFGE patterns related to those of the phage donors as well as aEPEC recipients with distant PFGE patterns. Notably, aEPEC strain 40, from the follow-up stool specimen of patient A, was lysogenized with an Stx2-encoding phage from EHEC strain 50, which was isolated from the initial stool of this patient [lysogen 40 (50) ] (Table 1) . Similarly, aEPEC strain 47, an stx-negative laboratory derivative of EHEC strain 46, could be lysogenized with the Stx2-encoding phage originating in the parental EHEC O26 strain 46 [lysogen 47 (46) ] ( Table 1) . The rates of transduction of aEPEC strains with the three different stx 2 -harboring phages ranged from 1 ϫ 10 Ϫ7 to 6 ϫ 10 Ϫ6 per recipient cell; E. coli C600 was transduced with each respective phage at a rate that was approximately 10-fold greater (Table 1) . Phage H19B transduced aEPEC strain 10 and E. coli C600 at a rate similar to that of stx 2 -harboring phages (Table 1) .
Stx production by the lysogens. All lysogens from aEPEC O26 produced Stx1 or Stx2, depending on the donor. Moreover, supernatants of all lysogens were toxic to Vero cells at dilutions between 1:256 and 1:2,048; the lysogen Stx titers were comparable to those of the phage donors (1:512 to 1:2,048). Thus, aEPEC O26:H11 strains can be converted to EHEC (Fig. 2) . In lysogens derived from aEPEC strains that had PFGE patterns related to that of the respective EHEC phage donor ( Fig. 2A , lanes 1 to 5 and lanes 8 to 10), stx 2 was located on the same XbaI fragment as in EHEC (Fig. 2B, lanes 1, 3, and 5 and lanes 8 and  10) . In a lysogen (Fig. 2A, lane 12) derived from an aEPEC strain ( Fig. 2A, lane 11 ) that differed in PFGE pattern from the EHEC donor (Fig. 2A, lane 8) , the stx 2 genomic position (Fig.  2B, lane 12 ) differed from the one in the donor (Fig. 2B, lane  8) . In E. coli C600 transduced with phage 46 [lysogen C600 (46) ] (Fig. 2B, lane 7) or with phage 61 [lysogen C600(61)] (Fig. 2B, lane 14) , stx 2 was on a 260-kb XbaI fragment. In contrast, E. coli C600 transduced with phage 50 contained stx 2 on a 440-kb XbaI fragment (data not shown). Thus, stx 2 -harboring phages excised from their integration sites in the genomes of EHEC O26 donors integrate into the same locus in the aEPEC O26 transductants, and there are at least two different integration sites for stx 2 -harboring phages in the genomes of EHEC O26 and corresponding lysogens.
Integration sites of Stx2-encoding phages in EHEC O26: H11. In EHEC O26 strains 46 and 61, yecE was occupied by foreign DNA (Fig. 3, lanes 4 and 5) , but this locus was intact in an stx 2 -negative laboratory derivative of strain 46, strain 47 (Fig. 3, lane 8) 
FIG. 3. PCR analyses of phage integration sites in EHEC O26
, aEPEC O26, and lysogens. Strains tested, loci examined, and lengths of resulting amplicons are listed across the top and to the left and right of the rows of amplicons, respectively. stx 2 -negative laboratory derivatives (LD) 47 and 50-1 fit the definition of aEPEC. Strains EDL933 (stx 1 -and stx 2 -harboring phages integrated in yehV and wrbA, respectively) (35, 37) , 258/98 (stx 2 -harboring phage 258 320 integrated in yecE) (7) , and E. coli K-12 C600 (all the genes investigated as putative phage integration sites intact) (8) were used as controls. In PCRs targeting yehV, wrbA, yecE, and sbcB, the presence of an amplicon indicates that the locus is intact, whereas the absence of an amplicon (or a very weak amplicon) indicates that the locus is occupied by foreign DNA. In PCRs connecting yecE with the int gene of phage 258 320 and wrbA with the int gene of phage 933W (rows 6 and 7, respectively), the presence of an amplicon indicates that a phage with a homologous int gene is integrated in the respective locus; the absence of an amplicon indicates the absence of such a phage.
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258 320 (Fig. 3, lanes 4 and 5) , which integrates in yecE (7), demonstrating that the Stx2-encoding phages in these strains are integrated in yecE. In contrast, in EHEC strain 50, the wrbA insertion site was occupied (Fig. 3, lane 6 ), but wrbA was intact in its stx 2 -negative laboratory derivative, strain 50-1 (Fig.  3, lane 7) . Strain 50 (Fig. 3, lane 6 ), but not strain 50-1 (Fig. 3,  lane 7) , produced an amplicon of 1,045 bp in PCR linking wrbA with the int gene of 933W, which integrates in wrbA (35, 37) . The Stx2-encoding phage in EHEC strain 50 is thus integrated in wrbA. Integration sites of Stx2-converting phages in lysogens. yecE and wrbA were intact in all aEPEC strains (Fig. 3, lanes 8 to 13) and a control E. coli C600 strain (Fig. 3, lane 3) . The acquisition of phage 46 or 61 resulted in occupation of yecE and a positive signal in PCR linking yecE with int of 258 320 in lysogens arising from aEPEC (Fig. 3, lanes 14 and 15) and from E. coli C600 (Fig. 3, lanes 16 and 17) . In contrast, phage 50 integrated in wrbA in the aEPEC and E. coli C600 lysogens (Fig. 3, lanes 18 to 20) . Thus, Stx2-encoding phages integrate in EHEC O26 in more than one locus, including yecE and wrbA. These loci are intact in aEPEC O26 and represent hot spots for the integration of such phages into the genomes and the conversion of aEPEC O26 to EHEC O26.
Impact of loss and gain of Stx-converting bacteriophages on PFGE patterns. As demonstrated in Fig. 2A , loss and gain of Stx2-converting phages diversifies PFGE patterns, even in organisms that are epidemiologically related or are derivatives of the same isolate.
DISCUSSION
Several non-O157 EHEC serogroups are important causes of human disease, and the most common of these is O26 (10, 24, 25) . We demonstrate that stx 2 -and stx 1 -harboring phages from EHEC O26 can transduce aEPEC O26 strains, converting them to stable lysogens that produce Stx in amounts comparable to that produced by wild-type EHEC O26. Conversely, EHEC O26 can lose stx genes at appreciable frequencies, thereby reverting to being aEPEC. EHEC O26 and aEPEC O26 represent a dynamic system in which bidirectional conversion yields different pathotypes; Stx-encoding bacteriophages are the major elements facilitating this conversion. Data from in vitro experiments correlate with observations obtained with patients infected with E. coli O26, in whom we observed the frequent loss (reference 28 and this study) as well as gain (though at considerably lower frequencies) (H. Karch, unpublished data) of stx 2 genes. EHEC O26:H11 and aEPEC O26:H11 belong to a common phylogenetic group, EHEC 2 (15). It has been hypothesized that aEPEC O26:H11 is ancestral to the EHEC 2 group (15). According to this hypothesis, the acquisition by the ancestral cell of stx genes, the EHEC plasmid, and a high-pathogenicity island that encodes an iron uptake system gave rise to EHEC O26:H11 (15) . However, aEPEC O26:H11 already possesses a high-pathogenicity island and the EHEC plasmid (6) and differs from EHEC O26 most notably by the absence of stx genes (6) . This observation and our data support the concept of interconversions between aEPEC O26 and EHEC O26 involving loss as well as gain of Stx-encoding bacteriophages. Such bidirectional conversion in nature is also evidenced by the fact that EHEC O26 and aEPEC O26 from different sources have closely related core genomes (3) and highly conserved housekeeping genes (39, 52) and share multiple non-Stx virulence and fitness genes (6) . A proposed progenitor of these pathogenic E. coli O26 strains has yet to be identified.
Loss and acquisition of stx 2 -harboring bacteriophages in vitro alter the genomic architecture of E. coli O26, as reflected by changed PFGE patterns. This observation agrees with previous findings that the loss of stx genes is associated with variant PFGE patterns in EHEC O157:H7/NM (7, 17, 30) . These data are also in keeping with the concept that bacteriophages are major drivers of genome diversity in E. coli O157:H7 (31) . Therefore, we hypothesize that a diversification of the genome of the infecting EHEC O26 HUS outbreak strain via multiple losses and gains of Stx2-converting phages during human infection accounts for EHEC and aEPEC O26 strains with related, but not identical, PFGE patterns in the same individual and within the outbreak (Fig. 1) . Such a possibility should be considered when PFGE is applied to epidemiological investigations of outbreaks caused by E. coli O26. It is noteworthy that variations in PFGE patterns caused by insertions or deletions of phage-associated DNA fragments have also been reported for Campylobacter jejuni (4) .
The ability of Stx-encoding phages from clinical EHEC O26 and EHEC O157 isolates to transduce E. coli laboratory strain K-12, commensal E. coli, and EPEC of various origins within the gastrointestinal tract has been demonstrated in mice (1, 55) , sheep (13) , and house flies (Musca domestica) (36) in vivo and in porcine ligated ileal loops (47) . These findings support the hypothesis that interconversion between aEPEC O26 and EHEC O26 can occur in the human intestine during an infection. However, conditions favoring lysogenic conversion or loss in vivo are poorly understood (47, 50, 55) and require further studies.
The ability of EHEC O26 strains to cause HUS indicates that such organisms are more virulent than aEPEC strains lacking the stx gene. If this is true, a change in the pathotype of the infecting E. coli O26 strain during an infection by the loss or acquisition of an Stx-encoding bacteriophage might have clinical implications. For example, using the paradigm that Stx causes HUS, the loss of an stx gene early in infection, before Stx is produced, might prevent the development of HUS in the infected patient. Furthermore, the stx loss by the infecting EHEC at a later stage in the infection, after Stx has already bound to the target organs and has injured the microvasculature, could confound diagnostic schemes dependent on toxin detection. Acquisition of an stx gene by an aEPEC O26 strain during an infection appears to be possible (Karch, unpublished) but is extremely rare. Therefore, the question of whether such an event could trigger HUS cannot be answered at present.
Three integration sites for Stx2-encoding bacteriophages have been identified in EHEC O157:H7, including wrbA (5, 21, 27, 35, 37, 43) , sbcB (32) , and yecE (14) . This last locus is also a common integration site for Stx2-encoding phages in sorbitol-fermenting EHEC O157:NM strains (7), as well as an integration site for phage P27, which encodes Stx2e in a non-O157 EHEC strain (38) . In this study, we demonstrate for the first time that yecE is also an integration site for Stx2-encoding phages in EHEC O26:H11; the other is wrbA. Taken together, these data indicate that yecE and wrbA may be common integration sites for Stx2-encoding bacteriophages in EHEC strains. These loci were intact in all aEPEC O26:H11 strains we investigated and thus represent hot spots where stx 2 -harboring phages can enter the genomes of aEPEC O26, converting them to EHEC.
A remaining question is why all three Stx2-encoding phages, but only one of four Stx1-encoding phages (phage H19B), lysogenized aEPEC O26. In general, the susceptibility of a wild-type strain to lysogenization by a phage depends on the presence of the phage receptor, the absence of a highly related bacteriophage within the host that confers immunity against the infecting phage, and the availability of a free integration site for the infecting phage in the genome of the recipient. One reason why wild-type aEPEC strains were not so easily lysogenized by Stx1-encoding phages might be their lack of receptors for such phages or the presence of cryptic prophages that mediate immunity (11) . It is possible that such cryptic or truncated bacteriophages occupy a genomic integration site(s) for stx 1 -harboring phages in aEPEC O26, as has been recently shown in EHEC O157:H7 (5, 43) . Although the integration site for stx 1 -harboring phages in EHEC O26 is unknown, it is noteworthy that in two of the six aEPEC recipients we examined, yehV, an integration site for stx 1 -harboring phages in EHEC O157:H7 (5, 35, 53) , was already occupied by DNA of unknown origin. Future studies should examine the factors promoting transduction of aEPEC O26 by Stx1-converting phages from EHEC O26 and determine the nature of the phage integration site(s).
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